Chickpea (Cicer arietinum L.) is the world's third most important food legume crop. Ethiopia ranks first in chickpea production and hectareage in Africa (FAO 2015) , where it plays an important role in the local economy and contributes to sustainable agriculture. Because of higher protein contents as compared to cereals, legumes such as chickpea have attained significance for having excellent food value for the human diet, particularly for developing countries such as Ethiopia where animal protein sources are unaffordable for most people. However, the national average chickpea yield in Ethiopia is 1.7 t ha -1 (CSA 2013) , which is far below the potential yield of 5.0 t ha -1 , suggested by others (Keneni et al. 2011) . Low soil fertility is one of the most important yield limiting factors in sub-Saharan Africa (SSA). Among essential plant nutrients, nitrogen (N) is the most important limiting nutrient for crop production in Ethiopia. Use of nitrogenous fertilizers is limited because it is poorly accessible and costly to smallholder farmers (Yanggen et al. 1998) . Thus, increased use of legume crops is a viable alternative due to their ability to fix atmospheric N in symbiotic associations with rhizobia, forgoing the need for inorganic N inputs. The successful production of legumes including chickpea thus depends on the availability of compatible rhizobia in the soil with superior symbiotic performance.
Rhizobia are soil-inhabiting Gram-negative bacteria that form root nodules on legume plants and exist as intracellular symbionts within the developed nodules, converting atmospheric N into ammonia for assimilation by the plant in exchange for plant-derived organic acids (Abaidoo et al. 1990 , Sprent 2007 . Chickpea has been considered specific for its rhizobial requirement (Gaur and Sen 1979) nodulating with only two species, Mesorhizobium ciceri and Mesorhizobium mediterraneum (Nour et al. 1994a (Nour et al. , 1994b (Nour et al. , 1995 . However, recently use of molecular methods and characterization of samples from more geographical locations revealed that chickpea nodulating rhizobia belong to several species within the genus Mesorhizobium (Alexandre et al. 2009; Laranjo et al. 2012; Rai et al. 2012) . Importantly, many current chickpea producing areas may be devoid of rhizobia capable of nodulating chickpea. For example, until chickpea was introduced in Western Canada in the early 1990's, soils there contained no indigenous rhizobia capable of nodulating chickpea (Kyei-Boahen et al. 2002) . While chickpea production has increased in this area, only introduced rhizobia are able to nodulate chickpea, making the choice of rhizobial strain particularly important as both the crop and the soil microbial community are effectively inoculated by the introduced strains. In contrast, it is presumed that soils in Ethiopia support a vast array of rhizobial D r a f t strains capable of nodulating chickpea, reflecting the long history of cultivation of chickpea landraces and likely co-evolution of the symbionts.
Modern bacterial taxonomy is based on the integration of phenotypic and genotypic data for a more stable classification (Vandamme et al. 1996; Zakhia and De Lajudie 2001) . Phenotypic studies are necessary for characterization and selection of rhizobial strains adapted to marginal edaphoclimatic conditions, and to provide preliminary information about their genetic diversity (Howieson and Dilworth 2016; Zahran et al. 2003) . Sequence analysis of the 16S rRNA gene has been used as a regular protocol for bacterial taxonomic study. Rhizobial genomes often carry several copies of the 16S rRNA gene; however, they usually are 100% similar. The largest limitation of using the 16S rRNA gene in rhizobia taxonomy is its low discrimination level for closely related species (Acinas et al. 2004; van Berkum et al. 2006) . To overcome these drawbacks, protein-coding genes have been proposed as alternative phylogenetic markers to discriminate between closely related species (Stackebrandt et al. 2002) . These genes have a faster rate of evolution than the 16S rRNA gene, but are conserved enough to retain genetic information useful for taxonomy purposes. Consequently, new techniques such as Multilocus Sequence Analysis (MLSA) based on the analysis of several housekeeping genes have been applied in phylogenetic analyses and identification of concrete groups of rhizobia (Menna et al. 2009; Rivas et al. 2009; Wang et al. 1998) . Besides these housekeeping genes, other genes involved in the legume symbiosis called "accessory" genes are commonly included in rhizobial species description and in some MLSA analyses (Rivas et al. 2009 ).
Ethiopia has a large biodiversity of rhizobial resources (Wolde-meskel 2007) ; however, only a few of them have been extensively explored using a molecular approach (Wolde-meskel et al. 2005; Degefu et al. 2011; Asrese et al. 2012; Asrese et al. 2013; Degefu et al. 2013) , and the genetic diversity of chickpea nodulating rhizobia remains largely unexplored. In order to improve the beneficial effect of chickpea inoculation, it is important to determine the characteristics of the indigenous rhizobial population. Therefore, the aims of the experiments reported in this paper were:
(i) to study the symbiotic and phenotypic characteristics of chickpea nodulating rhizobia isolated from soil samples collected from chickpea growing locations in southern and central Ethiopia; and ii) to evaluate genetic diversity among the chickpea rhizobial strains. For this purpose we determined the phylogeny of housekeeping genes coding for recombination protein (recA), 16S rRNA, glutamine synthase II (glnII), ATP synthase beta subunit (atpD) and DNA gyrase subunit B (gyrB). The phylogeny of symbiotic genes for nodulation (nodA) and nitrogen fixation (nifH) also were studied for the test strains.
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Materials and methods
Bacterial strains and culture conditions
The 42 rhizobial isolates (Table 1 ) used in this study were isolated from root nodules of chickpea,
Cicer arietinum (cultivar Nattoli) grown in soil samples collected from chickpea growing farmers' fields at diverse agro-ecological locations in southern and central Ethiopia (Fig. 1) . These areas have a history of chickpea cultivation that extends for centuries, and to our knowledge they have never been inoculated with rhizobial strains. Rhizobia were isolated, purified and cultivated on Yeast 
Symbiotic traits
To assess infectivity and effectiveness in fixing atmospheric N, each strain was grown in Yeast extract Manitol Broth (YMB) to the logarithmic phase (±10 9 cell·ml −1 ) and aseptically inoculated on germinated seeds of chickpea planted in modified Leonard jars containing sterilized and N-free growth media (Howieson and Dilworth 2016) . The experiment was carried out with three replicates using a randomized complete design. As controls, each block contained two jars (N free and with N) with non-inoculated seedlings. The seedlings were watered weekly with sterile, one-quarter strength
Jenson's modified N-free nutrient solution and with sterilized distilled water as necessary, according
to Howieson and Dilworth (2016) . Furthermore, the positive control (with N) received weekly additions of 0.5% (w/v) KNO 3 as a N source. Plants were maintained in a greenhouse and harvested 45 days after planting and nodule number, nodule dry weight, and shoot dry biomass were recorded.
The plant shoot samples were oven dried at 70 o C to a constant weight and ground to pass through a 2 mm sieve. Nitrogen accumulation in the plant shoot (percent N) was determined using a LECO CNS- 
Physiological and biochemical tests
Except for carbohydrate and N assimilation, all the following tests were carried out in triplicate on YMA plates. The plates were divided into 64 equal parts. Each square was spot-inoculated with 10 µL of the strain culture previously grown on YMB to the exponential phase (± 10 9 cells·mL -1 ).
Inoculated plates were incubated at 28°C and, after 7 days, the growth of colonies was monitored 
Physiological Characteristics
Bacterial growth at different temperatures was determined on YMA plates inoculated as described above and incubated at the following temperatures: 5°C, 15°C, 20 to 30°C, 35°C, 40°C, and 45°C (Maatallah et al. 2002 ). The isolates were tested for their tolerance to salinity on YMA media supplemented with NaCl at concentrations of 1%, 2%, 3%, 4%, and 5% (w/v) (Amarger et al. 1997 ).
The ability of the isolates to grow on acidic and alkaline media were tested by inoculating them onto YMA with the pH adjusted to 4.0, 4.5, 5.0, 5.5, 8.0, 8.5, 9 .0, 9.5 or 10.0 with a 10% sterile solution of HCl or NaOH (Amarger et al. 1997) .
Intrinsic antibiotic and heavy metal resistance
The intrinsic antibiotic and heavy metal resistances of the isolates were tested on YMA with various concentrations of antibiotics or metal compounds incorporated. The stock solutions of the antibiotics or heavy metals were sterilized using 0.2 µm membrane filters and added to YMA at 55°C via filter paper with a Luer-Lock system using hypodermal syringes in a laminar hood flow. The antibiotics used were as follows: chloramphenicol (5 and 15 
Carbon source utilization
The following carbon sources were used to determine whether they could be used as the sole with a Luer-Lock system and added to the basal medium at 55°C aseptically. The solutions were then aseptically dispensed into sterile petri dishes and allowed to solidify in the hood.
Nitrogen source utilization
The following N sources were tested as sole N sources for the isolates according to Amarger et al.
and L-isoleucine. These N sources were added to a basal medium at a final concentration of 0.5 g·L -1 . 
Numerical analysis
Traits were coded 1 for positive and 0 for negative. The final matrix contained 42 isolates, 6
reference strains (altogether 48), and 76 traits. A computer cluster analysis of 76 phenotypic variables was carried out using a similarity coefficient and a dendrogram was constructed by the unweighted pair group method with average (UPGMA) clustering with the NTSYSpc21 program.
DNA preparation
Total genomic DNA was isolated from 3×1.5 mL cultures using the procedure described previously by Boom et al. (1990) with a slight modification using diatomaceous earth or a Celite analytical filter aid as a DNA binding solid support (Terefework et al. 2001) .
PCR amplification and gene sequencing
The following genes were studied: 16S rRNA, partial internal sequences of protein coding housekeeping genes (recA, gyrB, atpD, and glnII) , and the symbiosis related genes (nodA and nifH).
The partial 16S rRNA gene was amplified and sequenced using the primers fD1 and rD1 as described previously Weisburg et al. (1991) . PCR amplification and sequencing of partial recA and atpD genes were undertaken according to Gaunt et al. (2001) , and glnII and gyrB gene amplification and D r a f t 8 sequencing were as carried out following the PCR conditions previously specified (Martens et al. 2008) . Partial amplification and sequencing of the symbiotic gene, nodA, was carried out as previously described (Laguerre et al. 2001) . For amplification and sequencing of the partial nifH gene sequence, primers and PCR condition specified by Rivas et al. (2002) were used.
Phylogenetic data analysis
The quality of the sequences was checked and edited using BioEdit 7.2. <<Insert Table 2 here>>
The mean nodule number per plant varied from 17 to 60, which were induced by isolates CP74
and CP151, respectively. Despite the large number of nodules per plant recorded by isolate CP151, this isolate had low symbiotic effectiveness (67%) as shown in Table 2 . The highest nodule dry weight of 208 mg·plant -1 was recorded from plants inoculated with isolate CP41, whereas the lowest nodule dry weight of 41 mg·plant -1 was shown by the host inoculated with isolate CP140. The relative effectiveness, expressed in percent of the N-fed control, showed that isolates CP08, CP41, CP97, CP105 and CP133 were the most efficient, with more than 80% dry matter yield relative to the uninoculated N-fed control while CP65, CP84 and CP109 were the least efficient with only 33% effectiveness.
Physiological traits and numerical analysis
The phenotypic traits of the 42 chickpea rhizobia are summarized in Table S1 and S2. The optimum temperature for growth of all isolates was in the range 20 to 35ºC. Below and beyond this range, the isolates showed variations in their growth. The salt inhibitory concentrations varied among strains. All bacterial isolates survived at 1% NaCl, and 85.7% of the isolates survived at 2% NaCl.
However, at higher concentrations, the percentage of tolerant strains decreased rapidly and only two strains showed a moderate growth at 4% and 5% NaCl. All isolates grew at pH values ranging between 8 and 8.5. The reference strains were very sensitive to extreme temperatures, high NaCl concentrations, and extremes of pH as compared to the indigenous strains (data not shown). All tested strains grew on trehalose, sucrose, galactose, glucose, mannitol, inosine, histidine, asparagine, glutamic acid, threonine, alanine, uridine, and leucine. None of the strains utilized citric acid. The D r a f t evaluation of intrinsic resistance to antibiotics (according to their concentrations) of chickpea nodulating rhizobia showed that all of the tested isolates exhibited high resistance to erythromycin and neomycin. All tested strains were found to be sensitive to streptomycin, spectinomycin, and lincomycin, and thus were not able to grow. All test strains were found to be sensitive to zinc.
The dendrogram obtained from the computer numerical analysis of 76 phenotypic traits of the 42 chickpea nodulating rhizobia including the six reference strains showed that they could be grouped into at least four clusters at 30% similarity level (supplemental Fig. 1 ). Cluster I was the largest with 30 test strains originating from various locations (Table 1) and clustered independently by excluding the reference species. Cluster I is again grouped in to 8 sub clusters at 75% similarity level. The majority of strains in Cluster I was able to grow at pH ranging between 5 and 9.5, at temperatures between 10°C and 35°C, and tolerated NaCl concentrations ranging between 1% and 2%. The growth of these isolates was fully inhibited by kanamycin, streptomycin, ampicillin, chloramphenicol, spectinomycin, nickel, zinc, aluminum, cobalt, and lead, but they were insensitive to nalidixic acid, mercury, and manganese. Most of inorganic phosphate-solubilizer (67%) strains were observed in this cluster. Regarding carbohydrate assimilation, these bacteria were able to metabolize a wide range of carbon substrates.
Cluster II has only three isolates (CP98, CP125, and CP136) and exhibited similar characteristics to the reference strains M. loti and M. mediterraneum. Unlike strains of other clusters, they could not tolerate a NaCl concentration greater than 2% nor extreme temperature. The majority of Cluster II strains were able to grow with in a pH range between 4 and 8.5. It seems that this group resists acidic conditions. Inorganic phosphate-solubilizing activity was not observed in this cluster. The growth of these isolates was fully inhibited by raffinose and malonic acid but they grew well in most carbohydrate, N and antibiotic sources.
Cluster III consists of six isolates. They have distinct characteristics in that they tolerate a 5%
NaCl concentration and most of them are capable of solubilizing inorganic phosphate. Cluster III isolates exhibited similar characteristics to the reference strains Rhizobium leguminosarum and Rhizobium huautlense. Most of the strains of Cluster III grew well in most carbohydrate, N and antibiotic sources. They were resistant to Al and Co but sensitive to Zn and Cu. Cluster IV has only three isolates (CP74, CP99, and CP100). These were sensitive to low and high pH and temperature extremes, as well as high salinity. They also were sensitive to kanamycin and copper. Cluster IV was also characterized by the ability to solubilize inorganic phosphate. Similar to the other clusters most of the strains of Cluster IV grew well in most carbohydrate and N sources and tolerated most D r a f t antibiotic sources. The two reference strains (Ensifer meliloti and Bradyrhizobium japonicum) were clustered alone on the dendrogram.
Genetic diversity and identification
Of the 42 test stains, 18 representative strains based on phenotypic characteristic and geographical location of soil sampling sites were selected (Table 1 ) and characterized using multilocus sequence analyses (MLSA) of 16S rRNA, core (recA, atpD, glnII, and gyrB) and symbiotic (nodA and nifH) genes loci. The identification process started with the sequencing of the partial16S rRNA gene (1322 -1362bp). For each gene, sequence data were aligned and used to infer phylogenetic trees and to compare the placement of the test strains with respect to currently (at the time of writing this manuscript) designated Mesorhizobium reference species.
16S rRNA gene sequence analysis
The partial 16S rRNA gene sequences of the 18 chickpea rhizobia test strains were obtained and compared with Mesorhizobium strains available in the GenBank database. In the 16S rRNA gene phylogenetic tree, 18 test strains belonged to the branch defining the genus Mesorhizobium (Fig. 2a) . plurifarium LMG 11892 to be the closest related type strain to genospecies IV, with ANI value that did not exceed 94%.
Analysis of individual house-keeping genes
The phylogenetic trees of the individual house-keeping genes ( Fig. 3 a-d ) generated from sequence alignments of the test strains and the described reference species revealed that the 18 isolates from Ethiopian soils group in four different clusters. The lengths of the alignments were 435bp, 490bp, 616bp and 750bp for recA, atpD, glnII, and gyrB, respectively. In the individual housekeeping phylogenetic trees, in agreement with the concatenated gene phylogeny, the test strains were consistently grouped into four separate clades (I-IV) within the Mesorhizobium genus. In general, the tree topologies for all house-keeping genes, and thus the placement of the test strains within the trees, were consistent for the four house-keeping genes (recA, atpD, glnII and gyrB plurifarium LMG 11892 to be the most closely related reference species to genospecies IV.
Phylogeny of symbiotic genes
The nucleotide sequences of about 600bp for nodA and 400bp for nifH genes were obtained for 18 test strains that belonged to the genus Mesorhizobium. The nodA and nifH phylogenetic trees are presented in Fig. 4a and b. The grouping of the strains on the trees generated from these genes was different from those of the core genes. In the nodA tree, the entire group of test strains were placed into one well-supported (100% bootstrap value) closely related monophyletic clade along with previously described symbionts of chickpea, M. ciceri (UPM-Ca7 
Physiological characteristics and numerical analysis
Physiological and biochemical studies are the basis for detailed polyphasic taxonomy and have been used to make taxonomic analysis of strains belonging to the family rhizobiaceae (Zhang et al. 1991) . Phenotypic characteristics including temperature and pH profiles are useful parameters to characterize new test strains within the family rhizobiaceae, as these parameters were shown to have a great effect on rhizobial growth and symbiotic performance (Maâtallah et al. 2002; Zahran 1999) .
The test strains showed differences in terms of temperature and pH (Table S1) (1994a, 1994b, 1995) abyssinicae, and M. shonense, (Degefu et al. 2013) . In all cases, the ANI values between the three groups and the reference species was higher than the cut off value (96%) proposed by Konstantinidis et al. (2006) . However, we propose genospecies IV to be unnamed Mesorhizobium genospecies because in all cases, the ANI value between genospecies IV and the defined species of
Mesorhizobium was found to be lower than 96% (Konstantinidis et al., 2006) for species identity. In our analysis, strains belonging to a single species (i.e., genospecies IV), in addition to having high intra-species sequence identity (ANI values), formed separate and highly supported monophyletic groups, distinct from the reference Mesorhizobium species. However, the placements of genospecies IV on the phylogenetic tree varied depending on the different housekeeping genes considered.
Horizontal gene transfer and subsequent recombination may be a possible explanation for the inconsistent placement of this genospecies (Acinas et al. 2004; van Berkum et al. 2006) . This indicated that analysis of more variable housekeeping genes could give a better correlation with the 96% ANI value as suggested by Martens et al. (2008) . In our analysis, a clear relationship was detected between the grouping of the strains and their geographic origins. Thus, genospecies I and IV are mainly from central Ethiopia, whereas genospecies II and III are from southern Ethiopia, indicating the possibility that soils at different geographic locations may harbor different population of chickpea nodulating rhizobia.
Symbiosis-related gene: implication on host range
In this study, nodA and nifH genes were analyzed in order to determine the identity of the symbiosis-related genes and the diversity of chickpea nodulating strains in terms of these genes.
D r a f t
Irrespective of their chromosomal backgrounds, the designated genospecies in this study shared high sequence similarities for their nodA and nifH genes among themselves and the two defined Mesorhizobium species as references. For example, phylogenetic analyses based on nodA genes revealed that the new test strains showed close resemblance to the previously described symbionts of chickpea, M. ciceri and M. mediterraneum, and thus tightly clustered together (100% BT value, Fig   4a) . Similarly, the nifH gene sequence-based phylogenetic tree (Fig. 4b ) also demonstrated the tight clustering (99% BT value) of the new test strains with the M. ciceri and M. mediterraneum.
Taken together, we clearly demonstrated that the phylogeny derived from the symbiosis-related genes were not consistent with the phylogenetic tree constructed from the house-keeping genes, suggesting the different evolutionary history between chromosomal and symbiosis-related genes.
Chickpea is confirmed as a non-promiscuous host, and thus can be nodulated by strains of several species of Mesorhizobium harboring nearly identical nodulation genes (Rivas et al. 2007; Laranjo et al. 2008 ). In agreement with this, our results indicated that the four genospecies that nodulate chickpea shared common NodA genes, suggesting recognition of only a few Nod genes by chickpea.
This study has contributed to the knowledge that rhizobia with different chromosomal backgrounds may carry similar symbiosis genes, explaining how a restrictive host for nodulation, such as chickpea, is nodulated by several different Mesorhizobium species.
On analysis of results on symbiotic effectiveness, all tested strains were able to infect their host plant and fix atmospheric N, leading to more plant shoot production and N uptake than in the uninoculated and N-free controls. The correlation analyses revealed positive and highly significant effective strains identified in this study (CP08, CP41, CP97, CP105, and CP133) can be considered potentially elite strains for chickpea inoculant production. Earlier, four out of the five strains that the present manuscript highlights as highly effective were already tested on pot and field trials and the result indicated that the chickpea indigenous rhizobial strain Cp41 was superior to all the others for almost all parameters (Tena et al. 2016 ), thus can be promoted for large scale inoculant production.
Conclusion
The symbiotic, phenotypic and genotypic characterization of chickpea nodulating rhizobia isolated from different chickpea growing area of Ethiopia revealed a wide diversity. 
Appendix A. Supplementary data
Supplementary data associated with this manuscript are Table S1 , S2 and Figure S1 . 
